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Abstract
I designed and prepared the components of an inducible gene expression system based on the mouse lac
system to address limitations in conventional Drosophila melanogaster inducible gene expression
systems that preclude their use from some aging studies. Based on both the D. melanogaster UAS/GAL4
system (adapted from yeast) and the mouse lac system (adapted from Escherichia coli), this system would
ostensibly allow for precise control of the location, timing, and amount of a transgene’s expression.
Previously, flies capable of expressing the lac repressor (lacI) in a GAL4-dependent manner were
reported. Here, I report the remaining components needed to characterize the utility of these tools Two
promoters incorporating two or three lac operator sequences into the conventional UAS promoter were
also produced. Here, I generated promoter-reporter constructs to test the viability of this system. I
prepared true-breeding transgenic flies and mapped the chromosome of transgene insertion in flies
carrying the genes for pro-apoptotic reporter grim or the enzyme ß-galactosidase (lacZ) under the control
of each chimeric UAS-lacO promoter. I prepared a total of 28 lines (eight 2-operator grim lines, five 3operator grim lines, twelve 2-operator lacZ lines, and three 3-operator lacZ lines). Preliminary
experiments to assess the baseline (unrepressed) expression of these reporters indicated weak expression
relative to the conventional GAL4-UAS promoter, however as no appropriate benchmark for
characterization of these lines existed at the time, these results were inconclusive. To assess the feasibility
of this system in aging studies, preliminary longevity analyses in the presence of the inducers IPTG and
lactose were performed. The presence of lactose was not shown to affect survival in a statistically
significant manner. Survival was inconsistent when IPTG was present in the food. All the components of
this system have been prepared, however further characterization is needed to confirm its utility in aging
studies.
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Chapter 1
Introduction and Literature Review
Manipulation of gene expression is an invaluable tool in dissecting biological processes such as
development, behaviour, and, in this case, aging in the common fruit fly, Drosophila
melanogaster. These interventions must be precise in order to obtain unambiguous results. For
example, when following a candidate gene approach, it is reasonable to expect that
overexpressing superoxide dismutase (SOD) will increase longevity because SOD aids in the
scavenging of free radicals—molecules thought to accelerate the aging process. Unexpectedly,
ubiquitous overexpression of SOD does nothing to extend longevity (1). However,
overexpressing this gene specifically in motor neurons results in a 40% increase in longevity (1).
In this thesis I sought to develop and evaluate a gene reporter system that allows precise
control over transgene expression. This inducible system is based on the D. melanogaster
UAS/GAL4 system, as well as the murine ‘lac system’. I had previously designed and assembled
chimeric promoters based on the D. melanogaster GAL4-UAS promoter, incorporating
symmetric Escherichia coli lac operator (lacO) sequences (2). One promoter had lacO sequences
inserted, flanking the promoter’s transcription start site. Another promoter had the same lacO
sites flanking the start of transcription in addition to a single lacO sequence, placed just upstream
of the 5 × UAS element. In the present study, I assembled novel gene-reporter tools based on
these previous plasmid constructs. I prepared a ß-galactosidase reporter in order to test
quantitative expression as well as tissue-specific expression patterns. In addition, I constructed a
gene-reporter tool based on the pro-apoptotic gene grim, to ensure no expression in the absence of
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the inducer. I generated transgenic D. melanogaster lines possessing these reporters in order to
test the utility of a system based on this chimeric promoter.

1.1 Background
In fruit flies, the UAS/GAL4 system has allowed for tissue-specific gene expression by
coupling the GAL4 transcription factor with its cognate UAS promoter (3). Any gene of interest
under the control of the GAL4-UAS will be expressed in cells that also express GAL4.
Expression of the UAS-transgene can be driven by simply crossing to a GAL4 driver strain in
which GAL4 expression is controlled by a specific promoter or by an enhancer trap. In this way,
the expression of the gene of interest can be driven in a tissue-specific manner. Currently,
thousands of GAL4 driver lines exist, differing in cell or tissue expression patterns, timing
throughout development and beyond, and the strength of expression. Of these, many have been
characterized for their expression patterns throughout the life of the organism (4).
Specificity of gene expression is not the only important factor in determining the role of a
given gene. The developmental stage at which a gene is expressed is also an important
consideration. For example, in mammalian models, the role of the retinoblastinoma (Rb) gene
changes depending on the developmental stage (reviewed in 5). During embryonic development,
osteoblast differentiation and survival is dependent on the Rb protein. In the human retina, Rb
mutations resulting in the loss of the protein are responsible for congenital tumours. In
adolescents, Rb is thought to act as a tumour suppressor. Loss of Rb in the tips of growing bones
is thought to be a precursor for osteosarcomas (6). During development, loss of Rb negatively
affects osteoblast survival. In later stages, loss of Rb is tumorigenic. The fact that a given gene
can have seemingly opposite effects at different developmental stages necessitates precise
temporal control when seeking to elucidate the effect of ectopic expression.
2

Animals undergoing aging, as with other biological processes, express genes in a
consistently reproducible manner. Experiments following the expression patterns of various
GAL4 D. melanogaster lines throughout development and adulthood demonstrate consistent
patterns (4,7,8). When temperature is altered to shorten or lengthen the lifespan of the organism,
the gene expression patterns observed scale, isometrically with biological age. When an insult
such as oxidative stress shortens an animal’s lifespan, the pattern of gene expression contracts.
Since regulation of gene expression is maintained during aging, it is likely that the phenotypes
associated with aging are the result of a regulated genetic program.
Certain treatments can be used to extend the lifespan of an organism. Hormesis, a
phenomenon by which limited exposure to an ordinarily fatal stressor increases the resilience and
life span of an organism, is one example (9). These interventions must be performed early in life,
and thus are not applicable to organisms that have already started to age. Inducible gene
expression systems can be used to develop such interventions. They can be used to identify genes
that affect longevity when induced late in life, giving us targets for treatments to extend life in
aging organisms.
When Zheng et al. observed apoptosis in the thoracic flight muscles of aging flies, they
sought to determine whether inhibiting apoptosis in these tissues would extend the longevity of
the organism. Indeed, the overexpression of the anti-apoptotic protein, DIAP, in the muscles of
these flies resulted in reduced apoptosis and a doubled mean lifespan (10). Zheng and colleagues
attributed the lifespan extension to the overexpression of DIAP, and associated reduction of
apoptosis in the muscle of the aging fly, however their work did not account for developmental
expression of DIAP. While it is logical to assume that inhibiting programmed cell death in the
thoracic muscle increased longevity, limiting DIAP overexpression to the thoracic muscle of the
3

aging adult fly would confirm this premise. An inducible gene expression system would be
required to isolate transgene expression to this timespan.
1.1.1 Inducible Gene Expression Systems in D. melanogaster
Amongst the numerous inducible gene expression systems available in D. melanogaster,
the most useful allow for gene expression to be switched on or off by providing the appropriate
stimulus. The earliest inducible gene expression systems made use of the hsp70 heat shock
response element (HSE) promoter to drive transgene expression by exposing the organism to mild
heat shock (11-13). This system has proved useful in various fields of biology, however its utility
in aging studies is limited because continuous exposure to high temperature directly affects
longevity. The pleiotropic effects of high temperature make it difficult to attribute effects on
longevity to the transgene rather than the treatment.
A modification of the heat shock system makes use of the flippase recombinase (FLP)
downstream of the heat shock promoter (14). Inducibility is achieved by placing the FLP in trans
with a transgene of interest. The transgene is interrupted with a stop codon flanked by flippase
recombinase target (FRT) elements. This allows for the gene of interest to be activated by
exposing the animal to a short heat shock, which ultimately results in the interruption being
removed. While this resolves the issue of continuous exposure to high temperature, the system is
limited because its utility is restricted to clones of actively dividing cells. This method is further
limited by the fact that the induction is irreversible.
Other inducible systems make use of chemical inducers that act upon their effector
transcription factors to drive transgene expression. These bipartite systems make use of a gene of
interest under the control of an inducible promoter in trans with the promoter’s transcription
factor. One such implementation of this approach is the Tet-On system (15). This system makes
4

use of a ubiquitous, constitutive tetracycline-inducible transcription factor (rtTA) to drive
expression of a gene of interest under the control of a tet-operator (TetO) promoter. The rtTA
only affects the TetO promoter in the presence of a tetracycline or an analog such as doxycycline.
Unlike heat shock, the rtTA protein is not known to affect longevity (15). The problem with this
system lies with the inducing stimulus, an antibiotic. Given that an organism’s endogenous flora
have been demonstrated to influence longevity, the use of an antibiotic in an aging study may be
ill-advised, despite the fact that doxycycline appears to be free of pleiotropic effects (16).
Like the Tet-On system, the GeneSwitch system makes use of a chemical stimulus to
activate a transcription factor. In this case, the transcription factor is a chimeric GAL4 that
combines the GAL4 DNA-binding domain with the human progesterone receptor ligand-binding
domain, as well as the human p65 activation domain (17,18). This transcription factor binds to the
GAL4-UAS, but only activates transcription in the presence of the antiprogestin mifepristone.
This system is suitable for use in Drosophila larvae, but presents problems in adults. In adults,
there appears to be uninduced activation of the gene of interest in numerous tissues, including the
thoracic muscle (19). As a result, this system is unsuitable for aging research in the adult fruit fly.
In an attempt to achieve temporal control in conjunction with the existing UAS/GAL4
system, Poirier and coworkers built the Tet-Off/GAL80 system (20). This system used a variant
of the rtTA protein that induces transcription only in the absence of tetracycline (tTA). In such a
system tetracycline is used to silence gene expression. The second additional component of the
system is GAL80, a negative regulator of GAL4. Here, a ubiquitously expressed tTA drives
expression of GAL80, which in turn affects the ubiquitin-mediated degradation of GAL4. Upon
introduction of tetracycline, GAL80 expression is silenced, allowing GAL4 to drive expression of
a UAS-gene of interest. While successful in introducing temporal control to the UAS/GAL4
5

system, this system is limited by the fact that four copies of GAL80 are required to achieve nearcomplete repression. The requirement that multiple copies of the GAL80 transgene be present,
somewhat complicates the genetics of this system.
1.1.2 The Ideal Inducible Expression System
Despite the availability of various inducible gene expression systems in D. melanogaster,
none are without difficulties. An ideal inducible gene expression system would allow control over
the location, amount, and timing of gene expression, without pleiotropic effects from any
component of the system. The UAS/GAL4 system, having many GAL4 driver lines, fulfills the
first two requirements, but offers no temporal control beyond the pattern exhibited by a given
driver. Adding an inducible component to this system would be the simplest way to achieve all
three requirements of an ideal system. I elected to explore the murine lac system, based on the
Escherichia coli lac operon. This system allows existing promoters to be temporally regulated
(21). In the following sections, I describe the murine lac system and how it can be adapted for use
with the D. melanogaster UAS/GAL4 system.

1.2 The lac System
The repressible component of the E. coli lac system relies on the interaction of the lac
repressor (lacI) with its operator (lacO) (reviewed in 22). The 20-21bp inverted repeat, lacO, is a
cis-regulatory element that is recognized and bound by the lac repressor (23). The homotetramer
(38.6 kDa subunits) lacI, consists of a DNA binding domain and an allosteric domain that binds
allolactose or its analogs. The allolactose analogue, isopropyl ß-𝖣-thiogalactoside (IPTG) reduces
the affinity of lacI for lacO 300-fold, thereby relieving transcriptional repression (24).
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1.2.1 The Murine lac System
The murine lac system finds its roots in experiments to assess the functionality of
prokaryotic regulatory proteins in mammalian cells. Hu and Davidson were the first to
demonstrate the utility of the lac system in eukaryotic cells, when they transiently expressed lacI
and a chloramphenicol acetyltransferase (CAT) reporter under the control of various transgenic
lac-regulated promoters in mouse L cells (25). They demonstrated that despite being of
prokaryotic origin, biologically active lac repressor molecules are present in the nucleus. Their
results demonstrated IPTG-relievable repression of CAT expression by the lac-repressor. Hu and
Davidson built multiple promoter constructs to assess the effect of operator placement on
expression, repression, and induction on CAT activity. They demonstrated that while constructs
with tandem operators resulted in increased repression of CAT activity, baseline expression
derived from constructs with tandem repeats was also lower.
A year later, Figge et al. reported that such a system could be functional when stably
integrated into cultured simian cells (26). This study focused on induction and re-repression
kinetics for the simian cell line. Importantly, these experiments revealed that the level of CAT
induction was dependent on IPTG concentration. Figge et al. determined that induction and rerepression were processes that occurred on the time scale of days in mammalian cells, compared
to minutes for bacteria. They also made use of previous mathematical models and data from the
earlier work (25) to demonstrate that such a system could impart >99.9% repression to a given
promoter.
Transferring this system to the whole animal proved to be more challenging. Neither the
reporters, nor the repressor were expressed without injecting the animal or embryo with a
demethylating agent, 5-azacytidine (27). Alternatively, xenografts of cultured cells into
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immunocompromised mice expressed lacI and were able to demonstrate IPTG-inducibility (28).
Scrable and Stambrook overcame the issue of methylation of the lacI gene by altering the lacI
coding sequence using codons common to murine genes (29). In a subsequent publication, Cronin
et al. demonstrated an animal proof-of-concept dubbed the “tyrosinase trans operon” (21). Albino
mice carrying the tyrosinase transgene driven by a chimeric tyrosinase-lacO promoter (TyrO) had
brown coats and eyes. Bi-transgenic animals carrying both a TyrO transgene and a lacI transgene
appeared to have the albino phenotype. Mouse pups whose mothers were provided with 10 mM
IPTG in their water had brown coats. Pups with brown coats maintained this coat colour as long
as they were provided with IPTG in their water. Bi-transgenic pups that were born with brown
coats but without water supplemented with IPTG exhibited white coats by adulthood.
This proof-of-concept exhibited characteristics consistent with those necessary for an
inducible gene expression system. When uninduced, the transgenic mice appeared albino.
Induction with IPTG resulted in an unrepressed phenotype. Neither IPTG, nor lacI appeared to
have any detrimental effects on the subjects. Pharmacokinetic analyses of the inducers IPTG and
methyl ß-𝖣-thiogalactoside (MTG) showed that these inducers were readily absorbed by all
tissues (30). Analyses of nuclear extracts from these tissues indicated that nuclear inducer
concentration exceeded cytoplasmic concentration, suggesting that the inducer would be able to
access lacI and relieve repression.

1.3 Constructing a Drosophila lac System
Application of such a system in D. melanogaster is likely feasible since the lac operator
has been successfully introduced into multiple promoters. The lac repressor has also been shown
to interact with the lac operator in D. melanogaster (31). The current GAL4-UAS promoter is
8

composed of the GAL4-UAS enhancer and the TATA box from hsp70 (3). Its structure is similar
to the SV40-lacO-lacZ reporter, which has demonstrated excellent repression and inducibility in
other systems (32). Thus, a chimeric promoter based on the GAL4-UAS promoter and lacO
elements should allow for tissue-specific, inducible gene expression in D. melanogaster.
1.3.1 Practical considerations
The ability of lacI to inhibit transcription through its action on lacO is dependent on both
the characteristics of the promoter that includes lacO elements, as well as lacI itself (23,32,33).
Previously, I had constructed D. melanogaster lines carrying a lacI transgene (2). I had also
assembled two UAS-lacO promoters taking these considerations into account (2).
In the murine system, a codon-optimized lacI with a nuclear localization signal was used.
This gene was driven ubiquitously by the human ß-actin promoter (29). For D. melanogaster lines
possessing lacI, it was decided that the coding sequence from the murine lacI would be used.
However the CDS was placed under the control of the conventional GAL4-UAS promoter. This
was done because previous work by Poirier and Seroude showed that neither the D. melanogaster
actin, nor the D. melanogaster tubulin gene promoters drive ubiquitous expression (20). Driving
lacI expression by GAL4 would allow lacI to repress target gene expression in tissues where
GAL4 is expressed. Since the target gene is driven by GAL4, this would ensure repressor
expression in tissues where the target gene might be expressed (Figure 1A).
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Figure 1—An inducible system based on the UAS-GAL4 system and the E. coli lac operon.
(A) Both lacI and the gene of interest have the potential to be expressed in any tissues expressing
GAL4. Expression of the gene of interest is inhibited in a lacI-dependent manner. De-repression
is achieved with the allolactose analogue, IPTG. (B) Layout of Drosophila P-element expression
vectors. The mini-white gene provides a marker to follow the transgene. The ColE1 origin of
replication and AmpR sequences are required to clone an insertion by plasmid rescue. The
expression portion of the vector (C-E) is made up of the UAS promoter, consisting of 5 UAS
repeats and the HSP70 leader (without the heat-responsive elements). A polylinker is present to
accept genes of interest, and is followed by the polyA signal from SV40. The pINDY5 promoter
consists of the conventional UAS promoter (C). The pHN1 (D) and pHN4 (E) promoters have
been modified with 2 or 3 symmetric lac operator sequences, respectively.

With respect to promoter design, the operator sequence, location, and the relative
positioning of multiple operators affect their ability to regulate gene expression. In bacterial
models, it was demonstrated that a 20-bp symmetric lac operator had a greater affinity for lacI
than the 21-bp wild type lac operator that is almost palindromic about a central G nucleotide
(Figure 2A) (23). Operator placement relative to other promoter elements affected the ability of
the promoter to be repressed (25). In promoters without a TATA box, operators flanking the start
of transcription are required to confer lacI-dependent transcriptional repression. In promoters with
a TATA box, such as the SV40 promoter, a single lac operator between the TATA box and start
of transcription were sufficient to inhibit transcription (Figure 2B) (32). Finally, when multiple
operators are present, distance from one operator to the next was also shown to affect the extent
of lacI-dependent repression. Two operators, placed 70 nt apart (centre-to-centre) demonstrated
optimal repression. Additional local maxima for synergistic repression were also observed at
multiples of ± 11 nt from this maximum (Figure 2C) (33).
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Figure 2—Practical considerations in operator design and placement.
Symmetric lac operator sequences have a five-fold greater affinity for the wildtype lac repressor
(23) (A). With the promoters tested in the murine lac system, promoters with a TATA box
required only a single lac operator between the TATA box and start of transcription to achieve
repression (upper construct), while promoters without a TATA box required the start of
transcription to be flanked lac operator sequences to achieve repression (lower construct) (32)(B).
When multiple operators are employed, clear phasing is observed with respect to the spacing of
operators (C). Maximal repression is achieved at a centre-to-centre distance of 70.5 bp (a
symmetric operator placed upstream of a wildtype operator). Local maxima appear at
approximately integer multiples of 11 bp. Adapted from (33), used with permission.

I constructed two UAS-lacO promoters. At the inception of this endeavour, it was
decided that complete repression in the absence of the inducer was the most important element of
this system. Since previous work had demonstrated that multiple operators offer several-fold
12

improved repression compared to a single operator it was decided a minimum of two operators
should be used. One promoter was designed with a pair of operators, spaced 70 nt apart, just
downstream of the TATA box, flanking the start of transcription (Figure 1D). The second
construct had an additional operator, placed 206bp upstream of the first operator (Figure 1E). I
used these promoters to build reporter lines. These lines would be used in conjunction with
GAL4;lacI lines to test the characteristics (and thus the utility) of a lacI-repressible, IPTGinducible UAS/GAL4 system in D. melanogaster.

1.4 Hypotheses
The ultimate goal of this work was to produce an inducible genetic system suitable for
aging studies in D. melanogaster. This system is based on the insertion of lacO sequences into the
D. melanogaster GAL4-UAS promoter. Repression would theoretically be achieved by
expressing the lac repressor in cells with active UAS promoter. Repression would be relieved
with lactose or IPTG. The expression, repression, and induction kinetics of the system would also
need to be characterized. Reporter lines were generated in order to test the hypothesis that
expression of reporter genes under the control of this new promoter construct are comparable to
systems that use standard UAS promoters and could be silenced in a lacI dependent manner. An
inducible system must be free of pleiotropic effects in order to be useful in D. melanogaster aging
studies. Thus, I also tested the hypothesis that food containing the inducers lactose and IPTG do
not affect the longevity of wild-type fruit flies.
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Chapter 2
Materials and Methods
2.1 Drosophila Culture
Fly cultures were maintained on cornmeal-molasses-yeast medium (6% molasses, 0.7%
agar, 6% cornmeal, 2.4% yeast, 1.5% 10% methylparaben in 95% ethanol), 0.5% propionic acid).
Fly stocks were kept at 18 ˚C to 23˚C. Flies used for genetic crosses and experiments were kept in
a temperature controlled room set to 25 ˚C (fluctuations between 24 ˚C and 27 ˚C were common).
For sorting, flies were anesthetised on N2 gas for no longer than 3 min.

2.2 Longevity Assay
Bottles were seeded with 30-50 w1118 parental flies. Parents were removed after two days.
Eight days after the removal of the parents, bottles were emptied in order facilitate the collection
of age-synchronized flies. After 36 hours, collection was performed. A quarter to half of the flies
from any given bottle were anesthetised at a time. A total of 25-35 flies of a given sex were
placed in vials containing regular fly food. After one day flies were transferred to experimental
food. Subsequently, flies were transferred to fresh (prepared a maximum of 3 days before use)
experimental food every 2-3 days. Dead flies were scored at each transfer. The experiment was
repeated six months later with two sub-strains. The first, w1118 HN, was descended from the same
parents as the original experiment. The second, w1118 fF, was descended from w1118 flies cultured
by Frederique Seroude.
Statistical analyses were preformed using Prism 6.0e (GraphPad). The Mantel-Cox Logrank test was used to perform pairwise comparisons of the survival data. Survival on control food
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was compared to survival on food containing the inducing compounds associated with my gene
reporter system. No corrections for multiple comparisons were performed.

2.3 Experimental Food Preparation
A portion of prepared regular fly food was weighed out into a beaker and melted
completely by microwaving. Sterile distilled water was added to make up for any lost mass. After
cooling to ~55 ˚C, 80 g of fly food was poured into a beaker and 8 mL of sterile distilled water,
110 mM lactose, or 110 mM IPTG was stirred into the molten food before dispensing into vials.
The food was cooled overnight, and stored at 4 ˚C until an hour before use.

2.4 Purification of Fly Genomic DNA
Genomic DNA was extracted from 25 flies carrying a ß-galactosidase transgene (w1118;
P{w[+mC]=UAS-lacZ.B}meltBg4-1-2, Bloomington Stock Centre 1777) using the QIAamp DNA
Mini Kit (Qiagen). The following changes were made to the manufacturer’s protocol: Flies were
homogenized in 180 µL buffer ATL (Qiagen) with a microcentrifuge tube pestle. Lysis was
performed overnight at 56 ˚C, after the addition of 20 µL, 600 mAU/mL proteinase K. RNase A
(40 µL, 5 mg/mL) was added and the mixture was incubated for 45 min. Buffer AL (Qiagen, 200
µL) was added and the mixture was incubated at 70˚C for 10 min. The sample was loaded on to a
QIAamp spin column. Two washes were performed, (500 µL Buffer AW1 (Qiagen), then 500 µL
Buffer AW2 (Qiagen)). Two elutions (Buffer AE (Qiagen), 100 µL each) were performed.
Successful extraction was confirmed by agarose gel electrophoresis using a 0.7% agarose gel, in 1
× Tris-Acetate-EDTA (TAE) Buffer (40 mM Tris base, 20 mM Acetic acid, 2 mM EDTA, pH
8.5).
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2.5 PCR Amplification of Reporter Genes
Both endogenous grim and transgenic lacZ were amplified from purified genomic DNA
using Phusion High-Fidelity DNA polymerase (NEB). For grim, the primers (sense: 5’
GGGAATTCCGCTTTGATTGAGCCTGCC-3’ and antisense: 5’AAGAATTCATGGCCATCGCCTATTTCATACCCGACC-3’) were used to append an EcoRI
recognition site (underlined), as well as two nucleotides to improve cleavage efficiency to the
regions flanking the grim CDS. Reaction conditions for amplifying grim were as follows: 98 ˚C
for 30 s; 30 cycles of 98 ˚C for 10 s, 66.6 ˚C for 30 s, 72 ˚C for 20 s; and 72 ˚C for 10 min postcycling. For lacZ, the primers (sense 5’-TGCTCCCATTCATCAGTTCC-3’, antisense 5’GCAAAGTGAACACGTCGCTA-3’) did not introduce any new sequence to the PCR product.
Reaction conditions for lacZ were as follows: 98 ˚C for 30 s, 30 cycles at 98 ˚C for 10 s, 63 ˚C for
30 s, 72 ˚C for 2 min, and 72 ˚C for 10 min post-cycling.

2.6 Plasmid Preparations
Bacteria (XL1Blue, Stratagene) carrying the appropriate plasmid were inoculated in 2 ×
Yeast Tryptone (2TY, 1.6% tryptone, 1% yeast extract, 0.5% NaCl) media containing 100 µg/mL
ampicillin. The culture was incubated under agitation overnight at 37 ˚C. Plasmids were purified
using the QIAprep Spin Miniprep kit (Qiagen). Microcentrifuge tubes were filled with 1.5 mL of
overnight culture. Cells were pelleted and supernatant discarded. Cells were resuspended in 250
µL of Buffer P1 (Qiagen). Buffer P2 (Qiagen) was added (250 µL) and the cells were mixed
before adding Buffer N3 (Qiagen, 350 µL). The mixture was immediately mixed and centrifuged
at 17 900 × g to pellet the precipitate. The supernatant was loaded onto the QIAprep column and
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washed with Buffer PB (Qiagen, 500 µL), then with Buffer PE (Qiagen, 750 µL). DNA was
eluted twice with Buffer EB (Qiagen, 40 µL per elution).

2.7 Vector Dephosphorylation
All digested vectors were dephosphorylated using Antarctic Phosphatase (NEB) as per
manufacturer’s instructions. Samples were incubated for 30 min at 37 ˚C. Enzyme activity was
subsequently inactivated at 65˚C for 10-20 min.

2.8 Gel Purification of Plasmid DNA
Dephosphorylated plasmid DNA was separated on a 0.5% ultrapure agarose (SeaKem
GTG, Lonza) gel. Bands of the appropriate size were excised and DNA was purified using either
the QIAquick gel-extraction kit (Qiagen) or the QIAEX II Gel extraction kit depending on the
size of the vector. Vectors under 5-kb were purified following the QIAquick gel-extraction
protocol. Three gel-volumes of Buffer QG (Qiagen) were added to each gel slice, and the gel was
solubilized at 50 ˚C for 10 min with intermittent agitation. One gel-volume of isopropanol was
added prior to loading the sample onto a column. One wash was performed with Buffer QG (500
µL), and another with Buffer PE (Qiagen, 750 µL). DNA was eluted from the column with 30
µL of Buffer EB (Qiagen).
For vectors over 5-kb, the QIAEX II gel extraction protocol was followed. Three gelvolumes of Buffer QXI (Qiagen) and two volumes of water were added per gel slice. The gel
slice was solubilized at 50 ˚C for 10 min with intermittent agitation. The mixture was incubated
with regular agitation at 50 ˚C for an additional 15 min after the addition of QIAEX II beads
(Qiagen). The mixture was centrifuged for approximately 30 s at 5000 × g and the supernatant
discarded. Beads were washed twice with Buffer PE (Qiagen, 500 µL). After centrifugation,
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beads were air dried until the centre of the pellet appeared white. Elution was performed by
resuspending pellets in 30 µL of warm (50 ˚C) Buffer EB. The mixture was centrifuged for
approximately 30 s at 5000 × g. The supernatant containing the purified vector was aspirated and
filtered.

2.9 Cloning of Reporter Constructs
PCR products were purified using the QIAquick Gel extraction kit (Qiagen) following the
manufacturer’s protocol. The grim PCR product was digested by EcoRI and ligated into the
EcoRI site of pBlueScript KS+. The resulting clones were screened for orientation, and the
appropriate plasmids (pBlueScript-grim) were sequenced (Eurofins MWG Operon). Both
expression vectors (pHN1 and pHN4) were digested by XhoI and SpeI, dephosphorylated, and
gel-purified. The 556-bp XhoI/SpeI fragment was subsequently directionally ligated into the XhoI
and SpeI overhangs of each expression vector.
The lacZ PCR product was digested by PstI and XbaI. The 3645-bp fragment was purified and
ligated into the PstI and XbaI sites of pBlueScript KS+. Resulting clones were screened for the
presence of an insert by PCR using the T3 and T7 primers. Colonies that resulted in a PCR
product of approximately 4-kb were screened for ß-galactosidase activity on IPTG/X-gal plates
(2TY medium, 0.1 mM IPTG, 40 µg/mL X-gal, 1.5% agar) along with controls. A colony
exhibiting lacZ activity was cultured overnight in 2TY media. Plasmid DNA was purified from
this culture and digested by PstI and SacII. Both expression vectors were digested by PstI and
SacI, dephosphorylated and gel-purified. The 3658 bp fragment was purified and ligated into the
PstI and SacII overhangs of each expression vector. Resulting clones were screened by restriction
fragment length and agarose gel electrophoresis.
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2.10 Drosophila Microinjection
High concentration, ultrapure DNA of each expression vector was prepared using the HiSpeed Plasmid Maxi Kit (Qiagen) as per the manufacturer’s protocol. Injections were performed
following a modification of the standard protocol (34). The w1118 strain of flies was cultured on
egg collector medium (5% sucrose, 2% agar). Flies were transferred to new medium every 20
min. Embryos were collected and aligned onto microscope slides within 50 min of laying to
facilitate injection. Injection was performed without dechorionating embryos. Instead of
desiccating or dechorionating the embryos, the embryos were covered in oil (Voltalef) to soften
them for microinjection. Injection was performed using a FemtoJet Express system with
Femtotips II needle (Eppendorf). Embryos were injected with 0.4 µg/µL expression vector, and
0.08 µg/µL transposase helper DNA (pπΔ2,3) in sterile distilled water.

2.11 Strain Generation
Adult flies resulting from the injected embryos were crossed to w1118 virgins of the
opposite sex. Female transformants were crossed by w1118 flies to generate transgenic male
progeny. These males were used in subsequent crosses. Male transformants were crossed to the
2475 double marker/balancer line (w*; T(2;3)apXa, apXa/CyO; TM3, Sb) in order to map the
location of the insert and generate balanced and homozygous lines. In some cases the CyO/Sco
single balancer strain, or the TM3/TM6 (TM3, Sb/TM6, Tb) single balancer strains were used to
generate balanced or homozygous lines. The chromosome I balancer FM7c was used to balance
insertions on the first chromosome.
Autosomal insertions were mapped to an autosome based on the segregation of the w+ allele from
second or third chromosome markers. Red-eyed progeny with curly wings (Cy) and stubble
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bristles (Sb) resulting from the cross of male transformants with the 2475 line were used. Cy, Sb,
w+ males were crossed by w1118 in order to do this.

2.12 ß-galactosidase Activity Assays
Male flies of a given lacZ reporter line were crossed to virgin female flies expressing
GAL4. Reporter flies were also crossed to virgin female w1118 flies. Resulting age-synchronized
progeny were maintained at 25 ˚C. For each class of progeny, three single-fly replicates were
homogenized in 100 µL of homogenization buffer (1 mM MgCl2, 50 mM NaH2PO4/Na2HPO4
buffered at pH 7.2). Extracts were centrifuged at 10,000 × g for 5 min. A 10-µL aliquot of the
extract was mixed with 100 µL of 1 mM chlorophenol red-ß-D-galactopyranoside (CPRG) in
homogenization buffer. The rate of product formation was measured at room temperature by
monitoring absorbance at 562 nm using a Molecular Devices spectrophotometer. Activity was
normalized per mg of protein as quantified using the Bio-Rad Protein Assay Kit following the
manufacturer’s standard protocol for microtitre plates.

2.13 Diagnostic PCR
Genomic DNA extracts were prepared as follows. Five flies (2-3 males and 2-3 females)
of a given line were anesthetised and placed in a microcentrifuge tube. Three tubes were prepared
per line. A micropipette pipette tip was filled with 100 µL squishing buffer (SB; 1 mM EDTA, 25
mM NaCl, 0.2 mg/mL proteinase K), and the flies were ground in the tube with the pipette tip. SB
was released and aspirated several times. Samples were centrifuged at 16,000 × g for 5 min. For
each 25 µL reaction, 2 µL of extract were used. For the grim lines, the primers (sense: 5’GTTATTGTCTCATGAGCGG-3’ and antisense: 5’-GTCACACCACAGAAGTAAGG-3’)
bound to proximal region upstream of the promoter and downstream of the grim CDS on the
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vector, respectively. For the lacZ lines, the primers (sense: 5’-GTTATTGTCTCATGAGCGG-3’
and antisense: 5’-GTATTCGCAAAGGATCAGC-3’) bound upstream of the promoter and within
the lacZ CDS. For both primer pairs PCR conditions were as follows: 94 ˚C for 5 min, 35 cycles
at 94 ˚C for 30 s, 55 ˚C for 30 s, 72 ˚C for 70s (grim) or 130 s (lacZ), and 72 ˚C for 5 min postcycling. Standard Taq polymerase from four different sources (produced in-house, NEB,
Vivantis, and Fermentas) was used following the standard protocol laid out by the manufacturer.
Products were visualized on a 0.7% agarose gel run in 1 × TAE buffer.
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Chapter 3
Results
3.1 Determining the Effect of Inducers on Longevity
For an inducible system based on the E. coli lac operon to be useful in the context of
research on aging, the inducers must not affect longevity. In order to determine whether the
system could be induced without deleterious effects, longevity analyses using lactose and the
allolactose analogue, IPTG were performed. It was estimated that a 10 mM inducer concentration,
corresponding to the concentration used in murine studies, would be appropriate for induction in
Drosophila. This was chosen because similar concentrations of doxycycline are used for
induction in both organisms with the tet-system (15,35). Thus, the longevity experiments were
carried out using a 10 mM inducer concentration.
The first time the experiment was carried out, median survival of males was 42 days, 46
days, and 46 days on control, lactose- and IPTG-containing food, respectively (Figure 3A).
Survival of males fed lactose- or IPTG-supplemented food was not significantly different from
the control (p = 0.8042 and p = 0.3009 respectively). Median survival of females was 68 days, 65
days, and 58 days on control, lactose- and IPTG-containing food, respectively (Figure 3B).
Survival of females fed lactose-supplemented food was not significantly different from the
control (p = 0.3415) and survival on IPTG-supplemented food was significantly different (p =
0.0006).
Two replicates of this experiment were performed six months after the initial experiment.
The initiation points of the experiments were staggered two days apart. For one of these
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experiments, a population of flies descended from the same parents as the flies from the first
experiment (w1118 HN) were used. For the other experiment, a population of flies cultured by
another member of the lab (w1118 fF) were used. During the course of these experiments the
temperature spiked above 27 ˚C, likely resulting in the die offs observed in the male groups
(Figure 3C and E). Additionally, the growth of a shiny, yellow, sticky fungus with irregular
colony morphology was observed in most vials during these experiments.
With respect to the w1118 HN population, median survival was 32 days for all food for males
(Figure 3C). Survival of males fed lactose-supplemented food was not significantly different
from flies cultured on control food (p = 0.1505) whereas survival on IPTG-supplemented food
was significantly different (p = 0.0011). Median survival of females was 52 days for all
treatments except IPTG-supplemented food, upon which median survival was 49 days (Figure
3D). Survival of females fed lactose-supplemented food was not significantly different from flies
cultured on control food (p = 0.7728) whereas survival on IPTG-supplemented food was
significantly different (p = 0.0274).
With respect to the w1118 fF population, median survival of male flies all treatments was
33 days (Figure 3E). Survival of males fed lactose-supplemented food was not significantly
different from flies cultured on control food (p = 0.3661) and survival on IPTG-supplemented
food was significantly different (p = 0.0436). Median survival of females was 44 days on each,
control, lactose- and IPTG-supplemented food. (Figure 3F). Survival of females fed lactose- or
IPTG-supplemented food was not significantly different from the control (p = 0.2132 and p =
0.1772, respectively). Pairwise comparisons of the longevity data are summarized in Table 1.
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Figure 3—Survival of flies on inducer-containing food.
Survival of w1118 flies on food containing the transgene-inducing compound lactose or IPTG.
Flies were fed solvent (water) control food (blue traces), food with 10 mM lactose (pink traces),
and food with 10 mM IPTG (green traces). Survival of w1118 males (n=114, n=116, n=113) (A),
survival of w1118 Females (n=114, n=103, n=111) (B), survival of w1118 HN males (n=152, n=133,
n=147) (C), survival of w1118 HN females (n=200, n=198, n=224) (D), survival of w1118 fF males
(n=229, n=240, n=230) (E), and survival of w1118 fF Females (n=240, n=234, n=243) (F) was
assessed for each condition. Values of n represent the number of flies per treatment (solvent-,
lactose-, and IPTG-containing food, respectively).
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Table 1—Longevity Summary.
Males
1

w

w

n
Median Survival

1118

1118

HN

w1118fF
1
2

p2
n1
Median Survival
p2
n1
Median Survival

Females

control
114
42

lactose
116
46

IPTG
113
46

152
32

0.8042
133
32

0.3009
247
32

229
33

0.1505
240
33

0.0011
230
33

0.3661

0.0436

p2
number of flies

control
114
68

lactose
103
65

IPTG
111
58

200
52

0.3415
198
52

0.0006
224
49

240
44

0.7728
234
44

0.0274
243
44

0.2132

0.1772

p-value – bold numbers significant.

3.2 Cloning Reporter Constructs
Since neither cloned grim nor cloned lacZ were immediately available, the genes were
amplified from DNA isolated from Bg2 flies. For grim and lacZ, the endogenous gene and
transgene, respectively were the targets for amplification. The genes were inserted into a
pBlueScript KS+ plasmid. Sequencing was performed on the grim construct and an R53Q
polymorphism was observed. The gene was re-amplified and cloned again, and the same
polymorphism appeared. When the translated sequence from the cloned grim was compared with
the translated sequences of the endogenous grim gene from various Drosophila species, a
glutamine residue was observed at the equivalent position. As such, it was concluded that the
polymorphism was not due to PCR but was simply another wildtype allele. The cloned grim gene
was then subcloned into the pHN1 and pHN4 expression vectors, containing 2 and 3 operators,
respectively.
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The cloned ß-galactosidase was not sequenced due to its length (≈ 3.7-kb). Instead we
assayed ß-galactosidase activity by plating transformed E. coli on IPTG/X-gal media. Since the
pBlueScript α-peptide was disrupted by lacZ, any ß-galactosidase activity would originate from
the cloned gene. Streaked colonies resulting from pBlueScript-lacZ clones had blue centres, along
with streaked colonies from clones carrying empty vectors. Clones carrying a vector with either
grim, DIAP, or lacI within the α-peptide did not have blue centres. The cloned lacZ transgene was
then subcloned into the pHN1 and pHN4 expression vectors.
All four expression vector-reporter combinations were confirmed by restriction fragment
length analysis and transgenic lines were generated.

3.3 Establishment of Reporter Lines
Given that embryos of true-breeding white-eyed (w1118) flies were injected with the
expression vectors, germ-line transformants were identified by the presence of red eyes in the G1.
Of the over 1300 embryos injected, 34 yielded transformed progeny: among these, there were 13
HN1-grim transformants, 6 HN4-grim transformants, 12 HN1-lacZ transformants and 3 HN4lacZ transformants. The scheme for transgenic line generation is depicted in Figure 4. After
crossing G0 flies to w1118 flies, male G1 transformants were then crossed to virgin 2475 flies to
generate flies with chromosomal markers in order to map the chromosome of insertion. Based on
thnhe sex-linked inheritance pattern of the red eye phenotype, 6 of the lines (2, HN1-grim lines
and 4, HN1-lacZ lines) were determined to have transgenes inserted on chromosome I. Five
transformed flies (4, HN1-grim, and 1 HN4-grim) yielded a disproportionate (>50%) occurrence
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Figure 4—Schematic representation of line establishment.
Fly embryos were collected from w1118 parents and injected with the appropriate construct and
helper DNA. Eclosed adults (G0) were crossed to w1118 flies of the opposite sex and transgenic
progeny (G1) were collected. The G1 were subsequently crossed by the 2475 marker/balancer line.
Curly-winged, stubble-bristled, red-eyed progeny (G2) were collected and self-crossed to generate
homozygous and balanced lines. The G2 flies were also crossed to w1118 flies in order to determine
the chromosome on which the P-element was inserted based on the segregation of markers.
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of red-eyed progeny. These lines were suspected of having multiple P-element insertions. As
there were sufficient other lines originating from the HN1-grim and HN4-grim constructs, these
lines were discarded.
Of the remaining 23 autosomal lines, 9 P-element insertions were mapped to
chromosome II and 14 P-element insertions were mapped to chromosome 3. Of the 29 lines
mapped, 28 lines remain. One line was lost. Of the 28 established lines, 4 lines are homozygous
lethal in both males and females, one line is homozygous lethal in females only. One line is
infertile when homozygous. These lines and their characteristics are summarized in Table 2.
In order to generate homozygous and balanced autosomal lines, w+, Cy, Sb flies were
self-crossed. Progeny that were only w+ were self-crossed to establish homozygous lines. For
lines that had P-element insertions within the second chromosome, w+, Cy progeny were selfcrossed to establish balanced lines. For lines that had P-element insertions within the third
chromosome, w+, Sb progeny were self-crossed in order to establish balanced lines.
A different scheme was utilized to generate homozygous and balanced lines for some of
the transformants. The HN26 transformants have a very weak red-eyed phenotype. Heterozygous
males have pale yellow eyes, and heterozygous females are essentially indiscernible from whiteeyed flies. Homozygous males have pale yellow eyes and homozygous females have pale yellow
eyes. For this line, flies of mixed genotype were maintained for several generations. Male flies
with white eyes or pale yellow eyes were discarded every generation until female progeny with
pale yellow eyes occurred commonly. Virgin females with pale yellow eyes were crossed with
males with pale-orange eyes, in order to establish a homozygous line. In order to establish a
balanced line, homozygous males were crossed by the CyO/Sco balancer line, and Cy progeny
were self crossed.
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Table 2—Established lines possessing a chimeric UAS promoter and either a grim or lacZ
reporter.
Name

Vector

Operators

HN17 pHN1
2
HN18 pHN1
2
HN19 pHN1
2
HN20 pHN1
2
HN21 pHN1
2
HN22 pHN1
2
HN23 pHN1
2
HN24 pHN1
2
HN25 pHN1
2
HN26 pHN1
2
HN27 pHN1
2
HN28 pHN1
2
HN1
pHN4
3
HN2
pHN4
3
HN3
pHN4
3
HN5
pHN1
2
HN6
pHN1
2
HN7
pHN1
2
HN8
pHN1
2
HN9
pHN1
2
HN12 pHN1
2
HN13 pHN1
2
HN15 pHN1
2
HN30 pHN4
3
HN31 pHN4
3
HN32 pHN4
3
HN33 pHN4
3
HN34 pHN4
3
1
Only balanced lines exist.
2

Reporter

Chromosome

Lethal1

III
III
II
II
III
I
II
II
I
II
I
I
III
II
III
II
III
III
I
III
III
III
I
III
III
III
II
II

X

ß-galactosidase
ß-galactosidase
ß-galactosidase
ß-galactosidase
ß-galactosidase
ß-galactosidase
ß-galactosidase
ß-galactosidase
ß-galactosidase
ß-galactosidase
ß-galactosidase
ß-galactosidase
ß-galactosidase
ß-galactosidase
ß-galactosidase
grim
grim
grim
grim
grim
grim
grim
grim
grim
grim
grim
grim
grim

Lethal phenotype observed in females, only.
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Sterile1

X

X2

X

X

X

An alternative approach was used to establish the HN17, HN18, HN21, HN30, HN31,
and HN32 lines. Here, red-eyed transformants were crossed to the TM3/TM6 balancer line. Redeyed, non-stubble progeny (w+/TM6, Tb) were self crossed. The TM6 balancer chromosome is
homozygous lethal and possesses the dominant marker Tb, (tubby pupae and larvae). In order to
establish homozygous and balanced lines for these transformants, Tb pupae were collected and
the eclosed flies were used to establish the balanced lines, while wild-type pupae were collected
and the eclosed flies were used to establish the homozygous lines.

3.4 Confirming Transgenic Lines
Given that most transgenic lines kept in our lab are marked by the w+ allele, red eyes are
not enough to confirm that these flies have a P-element with the given constructs. Because of this,
PCR genotyping was performed to confirm the genotypes of the established lines. Two primer
pairs were designed in order to confirm the genotypes of the grim lines and lacZ lines (Figure 5).
The forward primer (HN7) used was identical for both pairs and was complementary to a
sequence upstream of the 5 × UAS element. The reverse primer bound downstream of the grim
CDS (HN8), and within the lacZ CDS (HN9), for the grim and lacZ constructs respectively.
These primer pairs should produce an approximately 1.0-kb product from templates originating
from grim lines, and they should produce an approximately 2.3-kb product from templates
originating from lacZ lines.
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Figure 5—PCR for line confirmation.
Total crude extracts from established grim lines (A) or lacZ lines (B) were subjected to PCR
genotyping using the HN7/HN8 or HN7/HN9 primer pair, respectively, to generate specific,
amplified PCR products.

PCR was performed in triplicate on crude extracts prepared from each of the 28
remaining HN lines. With respect to the grim lines, PCR performed on each of the 3 extracts from
all 13 grim lines yielded a 1-kb product (Figure 9, Appendix 1). Positive controls (template:
expression vector) produced identical products, while negative controls (template: w1118 extracts,
H2O) produced no product. One of the HN12 extracts, one of the HN30 extracts, and one of the
HN31 extracts yielded less PCR product than the other reactions (Figure 9, Appendix 1).
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With respect to the lacZ lines, not every extract yielded a PCR product. Different extracts
used for PCR amplification, yielded varying amounts of PCR product (Figure 10, Appendix 1).
Each of the three extracts from HN2, HN17, HN18, HN21, and HN28 yielded a 2.3-kb product.
Two of the extracts from HN1, HN3, HN19, HN20, HN22, and HN25 yielded a 2.3-kb product.
One of the extracts from HN24 and HN27 yielded a 2.3-kb product. Neither HN23, nor HN26
yielded products of the appropriate size. These results are summarized in Table 4. On a whole,
this set of reactions was fraught with unexpected bands. In the interest of conserving resources,
the source of this contamination was not explored. Earlier pilot experiments did not yield such
bands (Figure 11, Appendix 1). Because of this, the experiments were repeated at a higher
annealing temperature (61˚C, instead of 55˚C) and with a different polymerase (Fermentas).
The results here were less ambiguous, with less apparent contamination (Figure 12,
Appendix 1). When taken in conjunction with the results from the first set of PCRs, all HN3,
HN19, HN20, and HN22 now yielded product from all three extracts. In the same vein, two
extracts, instead of one, from HN24 and HN27 yielded a 2.3-kb product. Finally, two extracts,
instead of zero, from HN26 yielded a 2.3-kb product. The reactions originating from extracts
prepared from HN23 flies did not yield 2.3-kb products. However, a product of approximately
1.5-kb was observed from all three HN23 extracts. The data from both sets of PCR experiments
on HN4-lacZ extracts are summarized in Table 3 (Appendix 1).

3.5 Testing ß-galactosidase Expression
In order to test the baseline transcriptional activity of the chimeric promoters, unrepressed
ß-galactosidase activity from a subset of the lines was measured. This assay can be performed
because ß-galactosidase activity is proportional to the amount of its mRNA (36). Expression of
lacZ, as driven by the DJ694-GAL4 driver line was assessed through the action of ß-galactosidase
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on its substrate, CPRG. Expression was compared to existing UAS-lacZ reporter lines. The
apparent activity of reporters under the control of a chimeric promoter was many-fold lower than
activity of reporters under the control of the conventional UAS promoter (Figure 6). Among
HN1-lacZ males, ß-galactosidase activity was over 100-fold lower than UAS-lacZ males of the
same age (Figure 6A)—but still approximately 100-fold greater than any reporter in the absence
of GAL4. With HN4-lacZ males, ß-galactosidase activity was over 10-fold lower than UAS-lacZ
males of the same age (Figure 6C). Among HN1-lacZ females, activity was approximately 8-fold
lower than UAS-lacZ females of the same age (Figure 6B). With HN4-lacZ females, activity was
approximately 24-fold lower than UAS-lacZ females of the same age (Figure 6D).
It was initially expected that ß-galactosidase expression in the chimeric reporters and
UAS-lacZ would be similar, however there is a difference in layout between the UAS-lacZ
expression vector, and HN1-lacZ as well as HN4-lacZ (Figure 7). In order to eliminate
confounding influences related to the differences between these expression vectors, another
construct, pINDY5-lacZ, was prepared. The pHN1 and pHN4 vectors are modified versions of
pINDY5. The chimeric vectors are identical to pINDY5 except that pINDY5 has a conventional,
not chimeric, UAS promoter. The pINDY5-lacZ reporter was prepared following the same
procedure as its chimeric counterparts.

33

34

Figure 6—ß-galactosidase activity in the transgenic lines containing UAS-lacZ genes.
ß-galactosidase specific activity assayed in crude extracts derived from UAS-lacZ reporter lines
and selected chimeric reporter lines. In order to assess unrepressed GAL4-dependent expression,
reporter flies were crossed by w1118 flies (black bars) and DJ694-GAL4 flies (grey bars). Mean
activity (± SD) from extracts obtained from 2-3 flies and normalized according to the protein
content of each extract is presented. (A) ß-galactosidase activity observed from males (A) or
females (B), of selected HN4-lacZ lines. ß-galactosidase activity from males (C) or females (D),
of selected HN1-lacZ lines.

Figure 7—Schematic representation of lacZ reporter constructs.
(A) Previously existing UAS-lacZ lines (Bg2, Bg3) placed the reporter directly downstream of
the 5’ P-element. (B) Reporter constructs based on pINDY5 (pHN1-lacZ, pHN4-lacZ and
pINDY5-lacZ) have the w+ marker directly downstream of the 5’ P-element, followed by genes
required for cloning via plasmid rescue. There is over 6 kbp between the 5’ end of the reporter
and the 5’ end of the insertion.

3.6 Testing Repression of ß-galactosidase Activity
Concurrent to the measurement of the baseline activity of HN4-lacZ lines, repressed
activity of these reporters was also analyzed. In order to determine if the reporters exhibit lacIdependent silencing HN4-lacZ reporters were crossed by w1118 flies, DJ694-GAL4 flies, as well
as bi-transgenic flies homozygous for both DJ694-GAL4 and lacI (HN108, or HN114). When
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lacZ expression was driven by GAL4, ß-galactosidase activity was essentially the same for UASlacZ flies, irrespective of the presence of lacI (Figure 8). The relationship differed for the HN4lacI reporters. ß-galactosidase activity from extracts of flies with the HN108 lacI insertion does
not appear to be different than that of flies without lacI. However, tri-transgenic flies with the
HN114 lacI insertion demonstrated over 100-fold lower ß-galactosidase activity than bitransgenic carrying only the driver and reporter.

Figure 8—ß-galactosidase activity in transgenic Drosophila lines under repression.
ß-galactosidase specific activity obtained from crude extracts derived from male (A) or female
(B) UAS-lacZ reporter lines and HN4-lacZ reporter lines. In order to determine the efficacy of
lacI-based repression, reporter flies flies were crossed by the appropriate driver. Driver-less
controls are represented by black bars (w1118), non-repressed controls are represented by grey bars
(DJ694-GAL4), and lacI-repressed flies are represented by hatched bars (DJ694-GAL4;HN108lacI, thick hatched bars and DJ694-GAL4;HN114-lacI flies, thin hatched bars). Mean (± SD)
activity from extracts obtained from 2-3 flies and normalized according to the protein content of
each extract. Insets are magnifications of the same graph.
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Chapter 4
Discussion
Elements of the E. coli lac operon have been successfully integrated into mammalian cells and
animals. In these systems, the introduction of lac operator sequences to various promoters has
conferred reversible lacI-dependent repression to augmented promoters. In this thesis, I have
generated the transgenic flies needed to apply this system to aging studies in D. melanogaster and
have evaluated them for their efficacy. I observed a clear decrease in the activity of the promoters
with lacO sequences relative to the standard GAL4-UAS promoter. When I tested the effect of
inducers on longevity, 10 mM lactose did not affect longevity while 10 mM IPTG affected
longevity in a manner that was not reproducible.
Eight HN1-grim lines, five HN4-grim lines, twelve HN1-lacZ lines, and three HN4-lacZ
lines were produced, and the presence of transgenes was confirmed by PCR genotyping. Genomic
extracts originating from the HN23 line, a HN1-lacZ carrying line, produced a shorter PCR
product than expected. Indeed, protein extracts derived from this line do not exhibit detectable ßgalactosidase activity (37). It is not known whether these observations are due to deletion within
the ß-galactosidase gene, or whether the line contains another transgene, entirely. Given that a
primer that binds within the ß-galactosidase CDS produced the PCR product, the former
explanation is likely. This could be confirmed by simply sequencing the PCR product.
When the HN1-lacZ lines and HN4-lacZ lines were assayed for ß-galactosidase activity
there was less activity relative to the lines containing the standard promoter. A number of factors
might account for this reduction in activity. The layouts of transgenes in the Bg2 and Bg3 lines
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were different from those of the HN lines, making the HN lines less susceptible to read-through
transcription. Since the lacZ CDS used in the HN lines underwent PCR but were not sequenced to
confirm faithful amplification before cloning, the reduced activity might be attributable to errors
introduced by PCR and cloning that reduce lacZ activity. The introduction of lacO sequences may
have reduced the activity of the UAS promoter. In Bg2 and Bg3, the reporter gene is at the 5’ end
of the P-element, while in the HN lines, the mini white gene is at the 5’ end. The P-element used
in the HN lines has the reporter gene at the 3’ end, terminated by the SV40 terminator. Silicheva
and colleagues demonstrated that the SV40 terminator plays a role in reducing positive positional
effects in D. melanogaster (38). Their work showed that when the SV40 terminator was placed
downstream of an enhancerless mini-white gene, positive positional effects were negated.
However, they proposed that this insulation was due to terminating transcriptional read-through
from endogenous genes. All of the constructs produced in the Seroude Lab have the terminator
located at the 3’ ends of reporters. If terminating transcriptional read-through is the only
mechanism by which the SV40 terminator insulates transgenes, the terminator should not affect
reporter expression levels. Nevertheless, the 5’ placement of the lacZ reporter in Bg2 and Bg3
may cause them to be susceptible to positive positional effects because of transcriptional read
through or endogenous upstream enhancer elements. This, in conjunction with the possibility that
the lacZ CDS used in the HN lines may have mutations reducing activities made it clear that a
more appropriate standard would be needed for comparison. Accordingly, I constructed a zerooperator reporter using the pINDY5 backbone upon which pHN1 and pHN4 are based as well as
the lacZ CDS used in pHN1-lacZ and pHN4-lacZ. Transgenic flies containing this construct were
prepared by Taylor Barwell, and lacZ activity between the pINDY5-lacZ lines, pHN1-lacZ lines,
and pHN4-lacZ lines were compared (37). ß-galactosidase activity originating from extracts of
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the pINDY5-lacZ flies was greater than that of the HN lines, while still less than that of Bg2 and
Bg3. With these controls, it became clear that the presence of operator sequences within the
GAL4-UAS promoter reduces promoter activity.
When Hu and Davidson built and tested various chimeric promoter layouts, they reported
that inserting a single operator between the TATA box and start of transcription could reduce
reporter activity by 10-37% and a single lacO downstream of the start of transcription could
reduce reporter activity by 35-55% (25). When the system was established in mice, a similar
comparison was not made (21,32). With respect to the mouse system, it was reported that TATAless promoters required the start of transcription to be flanked by operators for repression to
occur. Cronin et al, reported that a single operator placed between a TATA box and start of
transcription was sufficient to confer lacI-dependent repression, however very few promoters
were tested (21). When designing the Drosophila lac system, constructs with two or three
operators were built because complete repression was a priority. At the time, there was no reason
to believe that what held true for constructs transiently expressed in mammalian cell culture
would hold true in the whole fly. Barwell’s work demonstrates that this assumption was incorrect.
The difference in ß-galactosidase activity between extracts derived from pHN1-lacZ (two
operator) flies and pINDY5-lacZ (no operator) flies was comparable to the differences observed
between constructs containing operators and constructs without operators as previously reported
(25). Whether the mechanisms behind these differences are the same remains to be seen.
There are two ways by which the introduction of the operators could result in a reduction
of the strength of the promoter. The introduction of 20-bp sequences through the length of the
promoter could disturb interaction necessary for the initiation of transcription. In this case the
disruption would be independent of the sequence inserted. It is also possible that part of the lacO
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sequence is recognized by proteins that inhibit transcription, in effect making it act as a silencing
element. In Drosophila the polycomb group of proteins are among the best-studied transcriptional
repressors. These proteins affect changes to the chromatin around their recognition sequences, the
polycomb response elements (PREs). PREs are regulatory regions ranging from a few hundred
base pairs to a few kb in length (reviewed in 39). Like polycomb group proteins, SIN3 also
silences gene expression through chromatin remodelling (reviewed in 40). Unlike polycomb
proteins however, SIN3 is known to act through the E-box sequence (CANNTG). While the lac
operator (AATTGTGAGCGCTCACAATT) does not contain such a sequence contiguously, it is
present with an inverted repeat between each half. Even so, the decrease in reporter activity is not
likely due to chromatin remodelling. If chromatin remodelling was occurring because of lacO,
nearby genes would be subject to position effect variegation. The mini white gene, a classical
reporter for the study of chromatin remodelling because of its sensitivity to position effect
variegation, is just upstream of the reporter in all HN lines. All of these lines exhibit solid eye
colouration.
Proteins that inhibit the transcriptional machinery also reduce gene expression. The bestknown examples of these in Drosophila are the gap genes, Krüppel (Kr) and hunchback (hb). The
Kr gene product (Kr) binds the sequence AAGGGGTTAA and the hb gene product (Hb) binds
the consensus ACNCAAAAAANTA (41). The Kr binding sequence bears some resemblance to
the lacO sequence (AATTGTGAGCGCTCACAATT) but it remains unlikely that Kr is
responsible for the reduction in activity because it is not expressed in the adult muscle.
Microarray data shows negligible to low expression throughout the adult fly (42). A GFP reporter
driven indirectly by the Kr promoter did show some expression in the adult, but this was localized
to the abdomen (43).
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The reduction in reporter activity could be due to a weakening of the promoter rather than
active repression. Introduction of additional DNA into the hsp70 leader region of the UAS
promoter may have weakened interactions leading to transcription. This hypothesis could be
tested by preparing constructs with scrambled 20-bp sequences in place of the lacO sequences.
When Brand and Perrimon constructed the GAL4-UAS promoter, they discovered that combining
tandem GAL4-UAS repeats with a synthetic TATA box was insufficient to achieve gene
expression (3). They were only able to accomplish their goal by using the hsp70 leader,
containing the TATA box and start of transcription, but not the HREs. In Tribolium castaneum,
optimal expression of a reporter under the control of the GAL4-UAS requires species-specific
core promoter elements (44). This suggests something in addition to the GAL4-UAS repeats and
a TATA box are required for promoter activity. The reasons for these requirements are unclear.
Fortunately, transcriptional initiation at the Drosophila hsp70 gene is well studied
(reviewed in 45). An analysis of the processes by which transcription is regulated at this promoter
might allow us to understand and solve the problems of reduced expression. RNA polymerase II
(Pol II) is constitutively paused at positions between +21 and +35 on the hsp70 promoter (46,47).
This pause is independent of the HREs. Upon heat shock, heat shock factors (HSFs), bind the
HREs and recruit factors such as the transcriptional elongation factor Spt6, and the kinase PTEFb to promote elongation, relieving the pausing (48-51). Coincidentally, yeast GAL4 activates
transcription at its promoter by recruiting the same transcription factors (reviewed in 52). Indeed,
it has been demonstrated that the Drosophila UAS promoter is activated in much the same way as
the Drosophila hsp70 promoter (53).
It might still be possible to achieve transcription comparable to the standard GAL4-UAS
promoter with a chimeric UAS-lacO promoter. Operator placement can be tuned to minimize its
41

disruptive effects on transcription. When the mouse system was developed, the authors reported
that placement of the lacO sequence immediately downstream of the TATA box resulted in a new
start of transcription, the same distance from the TATA box (32). In Drosophila, canonical core
promoters have a consensus initiator element (TCAKTY) 30- to 31-bp downstream of the TATA
box with the A in the middle being the +1 site (54). This is the case in the pINDY5 promoter
(Figure 1C). In the case of the chimeric promoters (Figure 1D and E), the analogous position is at
the beginning of a lacO sequence and does follow this consensus. The predicted Pol II pause site,
would be at the end of this lacO sequence. If the start of transcription and pause sites in the hsp70
leader are sequence-dependent, introduction of the lacO sequences may well have reduced the
efficiency of transcriptional initiation. It may be possible to mitigate this issue by replacing the
nucleotides between the TATA box and start of transcription with an operator instead of inserting
the operator at its current position. Another approach might be to avoid placing exogenous DNA
sequences within the hsp70 leader. Licht and colleagues demonstrated that a lacI-Krüppel fusion
can inhibit transcription from a lacO placed upstream of a promoter (55, 56). With respect to this
application, such a repressor may be sufficient to inhibit gene transcription using only the
operator unique to the pHN4 promoter.
Reduced activity relative to the standard GAL4-UAS promoter is not a problem by itself.
The promoter still drives expression of the reporter gene in a GAL4-dependent manner, and it can
still be used to overexpress genes, or without a CDS in screens to overexpress genes downstream
of the vector (albeit at a lower level than the standard promoter). However, since the strength of
the promoter is affected, the expression patterns of genes under the control of the chimeric
promoter cannot be compared to that of genes under the control of the standard UAS promoter.
Thus far, the HN lines have only been tested with the DJ694 driver line. This driver is among the
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strongest GAL4 drivers characterized (4). It is unclear how the reduced activities of the pHN1
and pHN4 promoters will affect studying the expression obtained from other driver lines. There
may be difficulty achieving detectable gene expression using other drivers to express target genes
under the control of a pHN1 or pHN4 promoter. If these promoters are to be used for further
experiments, it would be necessary to characterize through-life expression patterns with the
drivers being used. This is further complicated by the fact that in their present form, these
promoters are on a backbone that inserts relatively randomly into the Drosophila genome. With
the same driver, different reporter lines carrying the same construct exhibit variable levels of
reporter activity (37). As such, multiple insertions need to be tested in order to gauge the
influence of position effects. This complicates analysis and negates the advantage of having
access to well-characterized GAL4 driver lines.
Reduced promoter activity might be problematic when performing screens to discover
genes that increase longevity when activated late in life. Adult-specific overexpression screens
would be powerful tools in identifying targets that improve longevity in aging organisms.
However, given the weakened nature of this promoter, it may be difficult to achieve an adequate
amount of overexpression to acquire meaningful results. Preparing promoter constructs with a
single operator, as well as constructs in which the operator immediately downstream of the
TATA box does not result in the change in the start of transcription, might result in improved
promoter activity. Even if the same level of transcription as with the standard UAS promoter is
not achieved, any improvements in promoter efficiency would increase the sensitivity of a screen.
Using the ΦC31 integrase system for Drosophila may further simplify matters by ensuring that
reporter genes are inserted into the same genomic position, and thus are all subject to the same
position effects (57-59). This system, makes use of specific recognition sequences and an
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integrase from bacteriophage PhiC31 to ensure site-specific insertions. Numerous Drosophila
lines that accept transgenic DNA at known genomic positions (“landing pads”) are available for
the production of transgenic animals. If the expression patterns of existing GAL4 drivers need to
be determined with lacO-containing promoters, having a few specific landing pads in which to
test expression would simplify the process.
The other challenge rests with the inducer. If an inducer has pleiotropic effects, it would
complicate analysis of experimental data and thus decrease the utility of this system. In these
experiments, flies fed lactose food consistently demonstrated statistically indistinguishable
survival relative to the control. When survival on IPTG was compared to the control, the results
were not reproducible. More generally, the survival of the lines tested was not reproducible
between experiments (Figure 3). Both of these issues might be attributable to problems with the
experimental methodology. Variations in temperature and growth of fungus in some vials but not
others may have had an affect on the survival of the flies that cannot be attributed to aging.
Indeed, differentiating between aging-related and accidental death can be problematic (60). Often
flies can get stuck to the food and die. It can be argued that this becomes more likely as the flies
age, so classifying such a death as accidental may be inappropriate. At high temperature and
humidity, fly food becomes stickier and such deaths become more common.
Fungal growth in some vials was a problem during the second set of longevity
experiments. An unidentified fungus that was not yeast made the food stickier and may have
affected the health of the flies, affecting the longevity measurements. The source of the fungal
contamination is difficult to identify. The control and experimental food was handled more than
the regular food and thus exposed to the environment during preparation more so than regular
food. In the future, it would be prudent to prepare these special foods under aseptic conditions.
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The methylparaben used as an antifungal agent in the experiments is reported to be stable in the
conditions present during food preparation, so it is unlikely that increased mould growth is due to
a loss of the preservative (61). The affect of the inducers on aging requires further
characterization. Aside from longevity, other measures of aging, such as fecundity, flight ability,
and gene expression should be used to determine if the inducers affect longevity.
A preliminary test to determine whether lacI repressed reporter expression yielded
inconsistent results. Only flies with HN114-lacI gene showed a reduction in lacZ activity. The
HN108-lacI gene had similar ß-galactosidase activity as the unrepressed condition. It is unclear
whether this is because the HN108-lacI line does not possess a lacI transgene or whether it does
not express lacI at meaningful levels. This experiment is yet to be replicated, and thus should be
viewed with some scepticism. Further testing needs to be conducted with the pro-apoptotic grim
reporter. With this reporter, even low levels of leakiness will result in lethality. It should be noted
that this level of repression was achieved with a weakened promoter. If the issue of low baseline
expression is resolved, we may observe that lacI does not adequately repress transcription. If this
is the case, the repressive ability of lacI could likely be improved by fusing it to a transcriptional
repressor domain. In mouse cells, lacI has been used with Krüppel to successfully inhibit
transcription in order to map the transcriptional repression domain of Krüppel (55,56).

4.1 Conclusion
The components of an inducible system based on the Drosophila UAS/GAL4 system and
mammalian lac system have been prepared to test in D. melanogaster. Eight HN1-grim lines, five
HN4-grim lines, twelve HN1-lacZ lines, and three HN4-lacZ lines have been produced to allow
for a system using this promoter and flies expressing lacI to be tested. Preliminary tests indicate
that the hypothesis, that a chimeric promoter would produce the same amount of reporter activity
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as the standard GAL4-UAS promoter, was not supported by the data. These results have been
confirmed on a greater scale (37). Introducing lacO sequences into the GAL4-UAS promoter
reduced the activity of the promoter. As a result, these reporters need to be tested with multiple
GAL4 drivers to determine the utility of these transgenic lines in aging studies. In its present
form, the promoter is useful in situations that require low levels of overexpression. The pHN1
and pHN4 promoters can complement stronger expressing variants of the promoter by allowing
for expression levels to be modulated. Preliminary tests to determine whether the inducers lactose
and IPTG have pleiotropic effects with respect to longevity yielded mixed results. Lactose did not
affect longevity, while experiments on the effects IPTG yielded inconsistent and thus
inconclusive results. Thus, while the components of the system have been prepared, some
changes to the promoter design, and further testing of transgene activity are required before the
system is ready for use in aging studies.
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Appendix 1

Figure 9—Confirmation of grim lines.
Chromosomal insertion of grim constructs was assessed by PCR genotyping on HN1-grim lines,
HN4-grim lines, and the parental line. For each line, 3 different extracts of 5 flies each were
collected. PCR was performed using the HN7/HN8 primer pair and analyzed by gel
electrophoresis.
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Figure 10—Confirmation of lacZ lines.
Chromosomal insertion of lacZ constructs was assessed by PCR genotyping on HN1-lacZ lines,
HN4-lacZ lines, and the parental line. For each line, 3 different extracts of 5 flies each were
collected. PCR was performed using the HN7/HN9 primer pair and analyzed by gel
electrophoresis.
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Figure 11—Contamination-free single-fly PCR.
A pilot PCR was performed to assess the efficacy of the HN7/HN9 primer pair on DNA templates
expected to produce a specific, amplified product (single fly extracts, as well as purified
plasmids). The parental line, the homogenization buffer (SB) and water served as negative
controls.
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Figure 12—Repeat PCR to confirm lacZ lines.
Previous PCR experiments with laboratory-made Taq polymerase yielded contamination. Pilot
experiments performed with commercial polymerase did not yield contamination. In order to
compare product yield between different polymerases and genotype the flies, PCR was repeated
on the extracts used in the prior experiment with commercial Taq polymerase. PCR genotyping
on HN1-lacZ lines, HN4-lacZ lines, and the parental lines was performed and analyzed by gel
electrophoresis.
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Table 3—PCR to confirm the genotypes of lacZ reporter lines.
PCR was performed in triplicate. Extracts that produced a PCR product of the appropriate
size are marked as positive. The experiment was repeated with the same extracts used in the
first attempt. Results are denoted as positive in the union column if a given extract
produced a positive result in either the first or second attempt.
Attempt 1
Strain

R1

R2 R3

Attempt 2

Summary

R1

R2 R3

Union

Summary

R1

R2 R3

Summary

HN1

-

+

+

2

-

+

-

1

-

+

+

2

HN2

+

+

+

3

+

+

+

3

+

+

+

3

HN3

-

+

+

2

+

+

+

3

+

+

+

3

HN17

+

+

+

3

+

-

-

1

+

+

+

3

HN18

+

+

+

3

+

+

+

3

+

+

+

3

HN19

+

+

-

2

-

+

+

2

+

+

+

3

HN20

+

-

+

2

+

+

+

3

+

+

+

3

HN21

+

+

+

3

+

+

+

3

+

+

+

3

HN22

+

-

+

2

+

+

+

3

+

+

+

3

HN23

-

-

-

0

-

-

-

0

-

-

-

0

HN24

-

-

+

1

+

-

+

2

+

-

+

2

HN25

-

+

+

2

-

+

+

2

-

+

+

2

HN26

-

-

-

0

+

+

-

2

+

+

-

2

HN27

+

-

-

1

+

+

-

2

+

+

-

2

HN28

+

+

+

3

+

+

+

3

+

+

+

3
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